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Open access under the Ea b s t r a c t
Nitrogen removal coupled with sulﬁde oxidation has potential for the treatment of efﬂuents from anaer-
obic reactors because they contain sulﬁde, which can be used as an endogenous electron donor for deni-
triﬁcation. This work evaluated the intrinsic kinetics of sulﬁde-oxidizing autotrophic denitriﬁcation via
nitrate and nitrite in systems containing attached cells. Differential reactors were fed with nitriﬁed syn-
thetic domestic sewage and different sulﬁde concentrations. The intrinsic kinetic parameters of nitrogen
removal were determined when the mass transfer resistance was negligible. This bioprocess could be
described by a half-order kinetic model for bioﬁlms. The half-order kinetic coefﬁcients ranged from
0.425 to 0.658 mg N1/2 L1/2 h1 for denitriﬁcation via nitrite and from 0.190 to 0.609 mg N1/2 L1/2 h1
for denitriﬁcation via nitrate. In this latter, the lower value was due to the use of electrons donated from
intermediary sulfur compounds whose formation and subsequent consumption were detected.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction Stoichiometrical reactions for complete autotrophic denitriﬁca-Nitrogen removal plays an important role in wastewater treat-
ment because improper disposal of this compoundmay cause envi-
ronmental impacts (e.g., eutrophication). Moreover, growing
environmental awareness has driven the search for innovative
and optimized treatment technologies. In this context, sulﬁde-oxi-
dizing autotrophic denitriﬁcation has arisen as a possible step in
the biological nitrogen removal process, especially for the post
treatment of efﬂuents from anaerobic reactors that are rich in
ammonium, which must be nitriﬁed, as well as soluble and gas-
eous sulﬁde. It is noteworthy that the efﬁcient application of this
process for the post treatment of efﬂuents from anaerobic reactors
depends on further research on new reactor conﬁgurations and
operation. The reactors have to allow a partial nitriﬁcation of the
efﬂuent preserving some sulﬁde for autotrophic denitriﬁcation.
Autotrophic denitriﬁcation coupled with sulﬁde oxidation has
many advantages compared with conventional heterotrophic deni-
triﬁcation. These advantages are due to lower sludge production
and the possibility of using an endogenous source of electrons at
no cost in the case of the post treatment of efﬂuents from anaero-
bic reactors.
Sulﬁde-oxidizing autotrophic denitriﬁcation is performed by
oxidizing chemolithotrophic sulfur bacteria, which are capable
of oxidizing reduced sulfur compounds (S2, S0, S2O
2
3 , SO
2
3 )
while reducing oxidized nitrogen compounds (NO2 , NO

3 ).Moraes), eforesti@sc.usp.br
lsevier OA license.tion via nitrate and nitrite are shown in Eqs. (1) and (2), respec-
tively (Mahmood et al., 2007):
3HS þ 8NO2 þ 5Hþ ! 3SO4 þ 4N2 þ 4H2O ð1Þ
5HS þ 8NO3 þ 3Hþ ! 5SO24 þ 4N2 þ 4H2O ð2Þ
Another economically interesting concept is nitrogen removal
via nitrite, called shortcut nitriﬁcation–denitriﬁcation. This process
omits the nitratation step during nitriﬁcation and, thus, promotes
nitrite accumulation. In this case, denitriﬁcation is performed from
nitrite, which allows for a reduction of the reaction time. Moreover,
there is an economy of alkalinity and energy for aeration in
nitriﬁcation.
Promising research related to autotrophic denitriﬁcation with
reduced sulfur compounds has been reported (Kleerebezem and
Mendez, 2002; Beristain-Cardoso et al., 2006; Cervantes et al.,
2009; Wang et al., 2010; Huang et al., 2011; Wan et al., 2011).
However, most of these studies used systems containing sus-
pended cells. There is a lack of literature related to processes con-
taining immobilized biomass. However, there are some studies on
denitrifying reactors containing attached cells on elemental sulfur
granules, which evaluate the kinetics of autotrophic denitriﬁcation
using elemental sulfur as the electron donor (Zeng and Zhang,
2005; Moon et al., 2006; Wan et al., 2009).
These bioprocesses are not completely understood and there-
fore, further studies are needed before these processes can be fully
applied. The present research aimed to investigate fundamental
aspects of sulﬁde-oxidizing autotrophic denitriﬁcation via nitrate
and nitrite in systems containing immobilized biomass on
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trophic denitriﬁcation were determined in differential horizontal
reactors fed with nitriﬁed synthetic domestic sewage. Nitrate and
nitrite were used as electron acceptors, and dissolved sulﬁde was
used as the electron donor.
2. Fundamentals of the process
The physical and biochemical phenomena involved in systems
with attached cells follow the bioﬁlm conceptual model, which
has been discussed for decades (Batchelor and Lawrence, 1978;
Jansen and Harremöes, 1985; Christiansen et al., 1994; Zeng and
Zhang, 2005; Mathioudakis and Aivasidis, 2009). The conceptual
model for sulﬁde-oxidizing autotrophic denitriﬁcation in packed-
bed reactors can be described as follows: (1) sulﬁde and nitrate/ni-
trite are transported from the surface to the inner part of the bioﬁlm
by diffusion; (2) a biological reaction of nitrate/nitrite reduction
coupled to sulﬁde oxidation takes place inside the bioﬁlm; and (3)
oxidized sulfur compounds and reduced nitrogen compounds —
the reaction products — are transported out of the bioﬁlm by
diffusion.
Harremöes (1976) initially investigated the signiﬁcance of pore
diffusion to ﬁlter denitriﬁcation and proposed that half-order reac-
tions could explain this phenomenon. The intrinsic process follows
Monod-type kinetics with low Monod constants, i.e., the intrinsic
reaction rate could follow a zero-order model (Jansen and
Harremöes, 1985). Based on this consideration, the diffusion model
was accounted for using molecular diffusion represented by Fick’s
Law. Thus, the diffusion phenomenon led to an intrinsic process that
could be describedby zero- or half-order kineticmodels using a sim-
pliﬁed pore diffusion model. Eqs. (3) and (4) summarize this model.
Zero-order bulk reaction:
ra ¼ k0a validforb ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2DCi
k0aL
s
P 1 ð3Þ
Half-order bulk reaction:
ra ¼ kð1=2Þa  C1=2i validforb < 1 ð4Þ
where ra is the removal rate per unit area of the bioﬁlm surface
(g m2 s1); k0a is the zero-order removal rate per unit of bioﬁlm
area (g m2 s1); k(1/2)a is the half-order rate constant per unit of
bioﬁlm area (g m1/2 s1/2); L is the thickness of the bioﬁlm (m), D
is the diffusion coefﬁcient of the substrate (m2 s1); Ci is the bulk
substrate concentration at the bioﬁlm surface (g m3); and b is
the penetration ratio.
According to Harremöes (1976), in systems containing attached
cells, such as biological ﬁlters, substrates commonly do not reach
the interior of the porous bioﬁlm and, thus, the pores become par-
tially effective. Therefore, the penetration efﬁciency of the sub-
strate in the pore is less than 100%, and the reaction rate
becomes dependent on the substrate concentration increase to
the half power (Eq. (4)). In this case, a zero-order reaction in a pore
that is partially penetrated by the substrate is transformed into a
half-order reaction in the exposed area of the bioﬁlm. This model
has been applied successfully in research related to autotrophic
denitriﬁcation with immobilized biomass in sulfur granules
(Wang, 1998; Koenig and Liu, 2001; Moon et al., 2004, 2006;
Wan et al., 2009).
3. Methods
3.1. Differential horizontal reactors
Five 15-mL differential reactors were used to evaluate the
intrinsic kinetic parameters of sulﬁde-oxidizing autotrophicdenitriﬁcation. The reactors were made of borosilicate glass,
equipped with a Teﬂon lid, and sealed with rubber O-rings. In this
system, the biomass was immobilized in polyurethane foam cubes
of 0.5 cmedge, and the substratewas recirculated in a closed circuit.
The reactors were fed by continuously pumping the wastewater
that was kept in sealed 1-L Duran ﬂasks containing 500 mL of li-
quid medium. Feeding bottles were placed in a controlled temper-
ature bath at a temperature of 5 C to minimize the occurrence of
biochemical reactions outside of the reactors. The anoxic atmo-
sphere inside the bottles was obtained by ﬂowing N2 gas in the
headspace. The reactors were kept in an incubator under a con-
trolled temperature of 30 C ± 1 C.
3.2. Feeding composition and inoculum
The inoculum was obtained from a UASB reactor treating poul-
try slaughterhouse wastewater in São Paulo State, Brazil. The gran-
ular sludge was previously disintegrated in a blender to obtain a
homogenous and pasty mixture. Then, the cubes of polyurethane
foam were mixed and compressed with a large quantity of sludge.
Thereafter, they were kept in contact for at least 2 h, as recom-
mended by Zaiat et al. (1994). After this period, the foam matrices
were transferred to a sieve, in which the excess of sludge was re-
moved by frictioning the foam on the screen. Finally, the inocu-
lated foam cubes were placed inside the reactors using tongs,
until its complete ﬁlling.
The medium simulated nitriﬁed domestic sewage, as used by
Callado and Foresti (2000). Some changes were made to the sew-
age composition according to Moraes et al. (2011). Nitrate and ni-
trite were used as electron acceptors in separate experiments, and
the same nitrogen concentration of 20 mg N L1 was maintained
for both assays. The ﬁnal composition (mg L1), including the
micronutrients present in domestic sewage, was as follows:
KNO3 (144) or NaNO2 (99), KH2PO4 (36), NH4Cl (16), NaHCO3
(2000), and MgCl26H2O (28), CaCl22H2O (18). Sulﬁde as a
Na2S9H2O solution was injected through the rubber sealing on
the top of the Duran bottles. Sulﬁde was supplied in excess (Test
I) and at the stoichiometrically required concentration relative to
nitrate and nitrite (Test II), based on the biochemical reactions pre-
sented in Eqs. (1) and (2). In Test I, total dissolved sulﬁde (TDS) was
applied to the assays with nitrate and nitrite at concentrations of
50 mg TDSL1 and 30 mg TDSL1, respectively, resulting in the
respective N/S molar ratios of 0.9 and 1.5. In Test II, sulﬁde concen-
trations were 30 mg TDS L1 for nitrate (N/S = 1.6) and 17 mg TDS
L1 for nitrite (N/S = 2.7). A complementary trace elements solu-
tion, speciﬁc for the enrichment of chemoautotrophic denitrifying
culture, was added at 2 mL L1. It was composed of (g L1) EDTA
(0.50), ZnSO47H2O (0.04), CaCl2.2H2O (0.07), MnCl2 (0.03),
(NH4)6Mo7O244H2O (0.01), CuSO4H2O (0.02), and CoCl26H2O
(0.02) (Beristain-Cardoso et al., 2006).
3.3. Experimental procedure and kinetic analysis
The intrinsic kinetic parameters of autotrophic denitriﬁcation
via nitrate and nitrite were evaluated in Tests I and II. The method-
ology for this evaluation was based on Zaiat et al. (1996) and Vieira
(1996). Prior to the kinetic assays, the immobilized biomass was
adapted to the process in vertical ﬁxed-bed reactors for 30–35 days
for each condition analyzed in the kinetic assays (i.e., Tests I and II
via nitrate and nitrite). For each condition, ﬁve differential reactors
were used. Each one was subjected to a different liquid ﬂow rate
(Q; cm3 s1). The liquid superﬁcial velocity (vs; cm s1) was calcu-
lated based on the ﬂow, as shown in Eq. (5):
vs ¼ Qe  A ð5Þ
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bed porosity (0.4).
Second-degree polynomial equations were adjusted to each vs
through the 10-h temporal proﬁles of nitrogen concentration in
the bulk liquid (CN; mg N L1), according to Eq. (6):
CN ¼ at2 þ bt þ c ð6Þ
The observed speciﬁc substrate utilization rates (robs), expressed
in mg N g VSS1 h1, were calculated as a function of CN for each
applied vs, according to Eq. (7). In this case, differential reactors
were treated as batch reactors of constant volume because the
experimental system was performed in a closed circuit:
robsjt¼ti ¼
dCN
dt
jt¼ti ¼ 2ati  b ð7Þ
Proﬁles of the observed speciﬁc initial substrate utilization rate
ðrobsjt¼0Þ over vs were constructed to determine from which vs value
the external mass transfer resistance could be neglected. For this
condition, robsjt¼0 must assume a constant value. The dimensionless
Biot number (Bi) was calculated to conﬁrm the above condition (Eq.
(8)). According to Bailey and Ollis (1986), the effect of external mass
transfer resistance is not signiﬁcant for BiP 100:
Bi ¼ ks  Rp
De
ð8Þ
where ks is the solid–liquid mass transfer coefﬁcient (cm s1), Rp is
the equivalent sphere bioparticle radius (0.5 cm) and De is the effec-
tive diffusivity in the bioparticle (1.99  105 cm2 s1) (Perry and
Chilton, 1985).
The magnitude of the effects of intraparticle mass transfer resis-
tance in relation to the rates of biochemical reactions were evalu-
ated using the Thiele modulus (uobs) expressed in Eq. (9) and
considering the operation in the absence of external mass transfer
resistance. According to Bringi and Dale (1990), if uobsP 0.3, then
the internal mass transfer resistance is signiﬁcant and the diffusion
rate is the limiting process:
/obs ¼
robs  R2p
9  De  C 0N
ð9Þ
where C0N is the speciﬁc nitrogen concentration in the bulk liquid
(mg N g VSS1 h1) and robs = robs ¼ robsjt¼0. Intrinsic kinetic param-
eters were estimated for all trials in which negligible external and
internal mass transfer resistances were achieved. Thus, half-order
kinetic models were applied to experimental data obtained from
temporal proﬁles of nitrogen removal through the numerical meth-
od of Levenberg–Marquardt (Origin 6.0 software). According to this
model, the nitrogen utilization rate (rN; mg N L1 h1) for the pres-
ent study can be described by Eq. (10):
ðrNÞ ¼ dCNdt ¼ kð1=2Þ  C
1=2
N ð10Þ
where k(1/2) is the half-order reaction rate constant per unit volume
of the reactor (mg N1/2 L1/2 h1).
Considering the initial concentration of nitrogen (CN0) at time t0
and the concentration at time t (h), Eq. (6) can be integrated be-
tween these limits, resulting in Eq. (11):
C1=2N ¼ C1=2N0 
1
2
kð1=2Þ  ðt  t0Þ ð11Þ3.4. Analytical methods
All chemical analyses were performed according to Standard
Methods for the Examination of Water and Wastewater (APHA/
AWWA/WEF, 2005). Nitrate ðNO3 -NÞ, nitrite ðNO2 -NÞ and
ammonium ðNHþ4 -NÞ were determined by ﬂow injection analysis(FIA). The total dissolved sulﬁde (TDS) was determined using the
methylene blue colorimetric method, and sulfate ðSO24 -SÞ was
measured using the turbidimetric method. Nitrogen and sulfur
intermediary compounds were calculated according to principles
ofmass conservation. Volatile suspended solids (VSSs) and attached
solids in polyurethane foam were gravimetrically determined.4. Results and discussion
4.1. Denitriﬁcation via nitrate
The CN proﬁles over time for each applied vs and for Tests I and II
are presented in Fig. 1. Values of robs were calculated as a function
of CN from polynomial regression analysis and for the measured
values of biomass concentration in each differential reactor. The
resulting robsjt¼0 values are shown in Table 1.
Proﬁles of robsjt¼0 over vs were performed for Tests I and II
(Fig. 2). For Test I, robsjt¼0 was kept constant when vsP 0.069-
cm s1. Under such conditions, the external mass transfer resis-
tance was negligible, i.e., the stagnant liquid layer surrounding
the bioparticle was minimized. The Bi values obtained for vs of
0.069 and 0.075 cm s1 were 139.4 and 158.5, respectively. These
results support the assumption of a non-signiﬁcant resistance to
external mass transfer. The value of ks for the Bi calculation was
estimated using the relationship proposed for the polyurethane
foam bed with an Rp of 0.31 cm and a bed porosity of 0.4 for low
vs (Zaiat et al., 1996) according to Eq. (12):
ks ¼ 0:244þ 0:271 expð1:796  v sÞas ð12Þ
where as is the interfacial area for mass transfer (cm2) determined
according to Eq. (13) (Zaiat et al., 1996):
as ¼ n  ApVL ð13Þ
where VL is the bulk liquid volume (15 cm3), Ap is the bioparticle
area considering an equivalent sphere (0.79 cm2), and n is the num-
ber of bioparticles going into the reactor. The counting of particles
was carried out at the end of the experiments for each reactor
and ranged from 95 to 119 considering all reactors and experiments
conducted.
The same data analysis was conducted for Test II. For this anal-
ysis, the result corresponding to vs = 0.069 cm s1 was dismissed
because it was too disparate in relation to other values (Table 1).
It is noteworthy that the biomass concentration (g VSS L1) was
much higher when compared with other results. As a consequence,
a high value of robsjt¼0 was observed. Considering the analysis for
the other results, it was impossible to ﬁnd a vs value at which
the minimization of external mass transfer resistance began to oc-
cur (i.e., when robsjt¼0 remained constant) because these values
were very close to each other. Therefore, values of Bi were calcu-
lated for all vs. Negligible external mass transfer resistance was
found for vs of 0.054 and 0.075 cm s1, corresponding to Bi values
of 110.1 and 152.4, respectively.
For the assays in which the external mass transfer resistance
was negligible, the effects of intraparticle mass transfer resistance
were evaluated by considering the dimensionless parameter uobs.
The obtained values revealed an absence of internal mass transfer
resistance. For Test I, the values corresponded to 0.012 and 0.014
for vs of 0.069 cm s1 and 0.075 cm s1, respectively. For test II,
the values were equal to 0.003 for vs of 0.054 cm s1 and
0.075 cm s1. Thus, the models and intrinsic kinetic parameters
were determined from the temporal proﬁles relative to the vs
previously mentioned for Tests I and II.
Table 1
Equations for the NO3 -N concentration as a function of time, the corresponding correlation coefﬁcients (R
2) for different applied superﬁcial velocities
(vs), and the respective observed speciﬁc initial substrate utilization rates for Tests I and II.
Test vs (cm s1) CN (mg NO3 -N L
1) R2 g VSS L1 robsjt¼0 (mg N g VSS1 h1)
I 0.007 0.090x2  0.383x + 21.86 0.981 0.424 0.903
0.022 0.079x2  0.953x + 22.10 0.985 0.516 1.847
0.054 0.003x2  1.799x + 21.88 0.991 0.430 4.182
0.069 0.021x2  2.038x + 21.26 0.999 0.407 5.013
0.075 0.059x2  2.530x + 21.30 0.992 0.523 4.836
II 0.007 0.045x2  0.314x + 21.85 0.994 0.507 0.619
0.022 0.119x2  0.427x + 21.96 0.975 0.855 0.499
0.054 0.037x2  0.458x + 21.97 0.983 0.606 0.757
0.069 0.057x2  2.555x + 22.54 0.983 1.296 1.971
0.075 0.035x2  0.460x + 21.93 0.998 0.635 0.724
Fig. 1. Temporal proﬁles for NOx -N concentration obtained for applied vs of (e) 0.007, (4) 0.022, (h) 0.054, () 0.069, and (s) 0.075 cm s1, as well as the respective adjusted
curves from polynomial regression using nitrate ((A) Test I and (B) Test II) and nitrite ((C) Test I and (D) Test II).
Fig. 2. Proﬁles of the observed speciﬁc initial substrate utilization rates ðrobsjt¼0Þ over vs for (j) Test I and (N) Test II: (A) denitriﬁcation via nitrate and (B) denitriﬁcation via
nitrite.
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Fig. 3. Adjusted curves to experimental data for half-order equations relative to NOx  N removal over time for a vs of (j) 0.054, (x) 0.069 and (d) 0.075 cm s1:
denitriﬁcation via nitrate ((A) Test I and (B) Test II) and via nitrite ((C) Test I and (D) Test II).
Table 2
Intrinsic half-order kinetic parameters for NO3 -N removal and the corresponding
correlation coefﬁcient (R2) for each applied superﬁcial velocity (vs): Tests I and II.
Test vs (cm s1) k(1/2) (mg N1/2 L1/2 h1) robs (mg N g VSS1 h1) R2
I 0.069 0.537 ± 0.026 6.155 0.993
0.075 0.609 ± 0.031 5.417 0.992
II 0.054 0.192 ± 0.016 1.505 0.958
0.075 0.190 ± 0.020 1.418 0.973
Table 3
Sulfur mass balance for temporal proﬁles of Tests I and II: denitriﬁcation via nitrate.
Test Time
(h)
vs (cm s1)
0.054 (Test II)/0.069 (Test I) 0.075
TDS
(mg L1)
SO24 -S
(mg L1)
Interm.a
(mg L1)
TDS
(mg L1)
ðSO24 -SÞ
(mg L1)
Interm.a
(mg L1)
I 0 54.30 0.00 0.00 50.47 0.00 0.00
2 37.27 13.46 3.57 38.88 12.74 0.00
4 22.97 15.76 15.57 29.88 11.88 8.71
6 16.80 18.63 18.87 18.81 20.64 11.02
8 8.05 19.49 26.76 15.00 22.07 13.40
10 5.29 23.22 25.79 10.00 22.50 17.97
II 0 26.10 0.00 0.00 30.65 0.00 0.00
2 21.20 9.01 0.00 23.30 9.01 0.00
4 16.75 10.73 0.00 17.85 12.74 0.06
6 12.80 11.16 2.14 12.95 15.76 1.94
8 9.00 13.17 3.93 9.80 16.04 4.81
10 5.90 17.60 2.60 6.25 20.49 3.91
a Intermediary sulfur compounds.
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corresponding to the half-order model, are shown in Fig. 3. The
intrinsic half-order kinetic parameters were estimated for each
ﬁtted curve (Table 2).The higher values of intrinsic parameters for Test I were attrib-
uted to the use of different sulfur forms as electron donors during
autotrophic denitriﬁcation. During Test I, the amount of sulfate
formed did not correspond to the amount of sulﬁde consumed.
On the other hand, during Test II the sulfur mass balance was
closer, but there were periods in which the low formation of inter-
mediary sulfur compounds was followed by subsequent consump-
tion (Table 3). Thus, the electrons donated to denitriﬁcation were
also derived from intermediary sulfur compounds, such as elemen-
tal sulfur. In addition, the formation of a whitish layer deposited on
some polyurethane foam matrices was observed. This is character-
istic of elemental sulfur deposition. According to Koenig and Liu
(2001), the limiting factor for denitriﬁcation using elemental sulfur
is the low solubility of this compound in water at room tempera-
ture. This electron donor would only be used by microorganisms
after solubilization and diffusion into the biomass. Consequently,
the biochemical reaction rates of autotrophic denitriﬁcation would
be affected.
Therefore, the use of elemental sulfur as an electron donor
probably caused the lower values for the intrinsic parameters in
Test II. In Test I, the sulfur mass balance showed that most of the
electrons were donated by partial sulﬁde oxidation with a higher
formation of intermediary sulfur compounds (Table 3). Sulﬁde is
more bioavailable to microorganisms than elemental sulfur;
therefore, autotrophic denitriﬁcation rates from sulﬁde oxidation
must be greater than from elemental sulfur oxidation.
Half-order parameters were located in an intermediary range
compared with values reported by other authors. Koenig and Liu
(2001) and Moon et al. (2006) obtained half-order reaction rate
constants in denitrifying autotrophic systems with immobilized
cells in sulfur granules equal to 3.15 mg N1/2 L1/2 h1 and
0.104 mg N1/2 L1/2 h1 when the thickness range of the sulfur par-
ticles was 2.8–5.6 mm and 2–5 mm, respectively. In both of these
Table 4
Equations for the NO2 -N concentration as a function of time, the corresponding correlation coefﬁcients (R
2) for different applied superﬁcial velocities
(vs), and the respective observed speciﬁc initial substrate utilization rates for Tests I and II.
Test vs (cm s1) CN (mg NO2 -N L
1) R2 g VSS L1 robsjt¼0 (mg N g VSS1 h1)
I 0.007 0.024x2  1.315x + 19.30 0.988 0.872 1.508
0.022 0.048x2  1.312x + 18.80 0.966 0.789 1.662
0.054 0.069x2  1.661x + 18.71 0.956 0.858 1.935
0.069 0.075x2  2.263x + 18.82 0.962 0.764 2.960
0.075 0.046x2  2.248x + 18.61 0.969 0.707 3.181
II 0.007 0.104x2 + 0.138x + 22.10 0.956 0.620 –
0.022 0.097x2  0.134x + 22.07 0.959 0.713 0.188
0.054 0.071x2  1.590x + 23.06 0.956 0.803 1.981
0.069 0.123x2  2.629x + 22.45 0.984 0.542 4.297
0.075 0.124x2  3.164x + 22.95 0.999 0.598 4.566
Table 5
Intrinsic half-order kinetic parameters for NO2 -N removal and the corresponding
correlation coefﬁcient (R2) for each applied superﬁcial velocity (vs): Tests I and II.
Test vs (cm s1) k(1/2) (mg N1/2 L1/2 h1) robs (mg N g VSS1 h1) R2
I 0.069 0.492 ± 0.026 2.797 0.991
0.075 0.612 ± 0.072 3.776 0.963
II 0.069 0.425 ± 0.024 3.707 0.988
0.075 0.658 ± 0.031 5.284 0.994
Table 6
Sulfur mass balance for temporal proﬁles of Tests I and II: denitriﬁcation via nitrite.
Test Time
(h)
vs (cm s1)
0.069 0.075
TDS
(mg L1)
SO24 -S
(mg L1)
Interm.a
(mg L1)
TDS
(mg L1)
SO24 -S
(mg L1)
Interm.a
(mg L1)
I 0 28.13 0.00 0.00 30.94 0.00 0.00
2 23.19 11.88 0.00 22.63 9.15 0.00
4 15.06 13.17 0.00 15.69 10.45 4.80
6 7.40 14.03 6.69 13.75 12.03 5.16
8 1.75 16.47 9.90 7.05 16.33 7.56
10 0.59 17.48 10.06 4.55 17.34 9.05
II 0 21.25 0.00 0.00 18.35 0.00 0.00
2 14.05 9.59 0.00 11.53 11.09 0.00
4 12.05 10.09 0.00 8.73 11.88 0.00
6 9.48 11.24 0.54 5.20 12.96 0.19
8 6.13 13.89 1.23 2.78 14.32 1.25
10 4.85 13.53 2.87 1.05 14.32 2.98
a Intermediary sulfur compounds.
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rate constants decreased. Koenig and Liu (2001) reported average
values of 1.59 mg N1/2 L1/2 h1 (5.6–11.2 mm thickness range)
and 1.21 mg N1/2 L1/2 h1 (11.2–16 mm thickness range), while
Moon et al. (2006) found 0.028 mg N1/2 L1/2 h1 for particle sizes
larger than 5 mm. In these conditions, the internal mass transfer
resistance probably affected the biochemical reactions because
the larger the particle size, the more difﬁcult it is to minimize
the intraparticle resistance. Therefore, lower constant values were
obtained. Moon et al. (2004) also reported different constant val-
ues, ranging from 1.90 to 2.18 mg N1/2 L1/2 h1, when column
reactors packed with 2-mm diameter sulfur granules were used.
In addition to particle sizes, the variability in these values can be
explained by differences in the inoculum characteristics and
enrichment, the reactors conﬁgurations and the composition of
the treated wastewater.
4.2. Denitriﬁcation via nitrite
As for denitriﬁcation via nitrate, the experimental values of CN
over time as a function of vs were subjected to polynomial regres-
sion analysis (Fig. 1). The resulting equations for nitrogen concen-
trations as a function of time and for the respective robsjt¼0 are
shown in Table 4. Proﬁles of robsjt¼0 versus vs were obtained to eval-
uate the absence of the external mass transfer resistance (Fig. 2).
For both Tests I and II, the external mass transfer resistance could
be neglected for a vs of 0.069 cm s1 and 0.075 cm s1. The calcu-
lated Bi values were higher than 100, which conﬁrmed this fact.
For Test I, the Bi values were 128.7 and 165.1, and for Test II they
were 128.7 and 155.4. For these conditions, the evaluation of the
effects of the internal mass transfer resistance was performed by
calculating uobs, which were much lower than 0.3 for both tests
(0.011 to 0.014). Thus, the intrinsic kinetic parameters were esti-
mated for the vs mentioned above, in which negligible external
and internal mass transfer resistances were attained.
Half-order models that were ﬁt to the experimental data are
presented in Fig. 3, and the respective half-order parameters and
the correlation coefﬁcients (R2) are shown in Table 5. The values
of the half-order coefﬁcients for both tests were close, ranging
between 0.425 and 0.657 mg N1/2 L1/2 h1. In this case, the sulfur
mass balance showed no consumption of intermediary sulfurcompounds during temporal proﬁles (Table 6). Therefore, most of
the electrons used for nitrite reduction were donated directly by
sulﬁde during both tests. Throughout the proﬁles of sulfur com-
pounds, only the generation of intermediary sulfur compounds
was detected, and sulfate formation approached the concentration
of sulﬁde oxidized by denitriﬁcation of nitrite. Thus, during denitri-
ﬁcation via nitrite, the electrons for denitriﬁcation were derived
mostly from sulﬁde oxidation, independently of the electron donor
(sulﬁde) concentration. Consequently, the kinetic parameters were
similar because most of the electrons were donated by the same
sulfur form (i.e., sulﬁde) in both tests.
Compared with Test I of denitriﬁcation via nitrate, in which the
same form of sulfur was primarily used as the electron donor
(sulﬁde), themaximum speciﬁc nitrogen utilization rate for denitri-
ﬁcation via nitrite was slightly lower. Cervantes et al. (2009) also
found denitriﬁcation rates via nitrite to be lower than those via
nitrate (0.25–0.36 mg N g VSS1 h1), indicating that nitrite reduc-
tion was the limiting step in sulﬁde-oxidizing autotrophic denitriﬁ-
cation. According to the authors, an inhibitory effect of sulﬁde on
nitrite reduction was observed because of the precipitation of trace
elements, which are essential for the activity of nitrite reductases.
The intensity of the precipitation depends directly on the S2 ion
concentration, which is subjected to the variation of pH values (Lens
et al., 1998). In the present research, themeasuredpHvalueswere in
the 8.8–8.9 range. In this range, the concentration of S2 ions is close
to 20% higher than the equilibrium concentrations of sulﬁde forms.
Therefore, some precipitation of trace metals essential for bacterial
metabolism may have occurred. Thus, the slightly lower rates
achieved for autotrophic denitriﬁcation via nitrite compared with
nitrate were probably due to some interaction of sulﬁde with trace
metals, such as copper, which may have impaired the action of
256 B.S. Moraes, E. Foresti / Bioresource Technology 104 (2012) 250–256nitrite reductases. However, for denitriﬁcation via nitrate, low ni-
trite accumulation was observed (<3 mg NO2 -N L
1), which indi-
cates that the nitrite reductases were not as affected in this case.
Different types of these enzymes can catalyze the nitrite reduction
step, with different structural and functional characteristics,
depending on the species of microorganisms involved (Godden
et al., 1991;Weeg-Aerssens et al., 1991; Richardson andWatmough,
1999). Thepossibility of different species acting indenitriﬁcationvia
nitrate andnitrite cannot be ruled out, aswell as the distinct types of
nitrite reductases used in autotrophic denitriﬁcation pathways.
Therefore, there is a needof further studies onmicrobiology andbio-
chemistry to clarify some aspects of the metabolic pathways in-
volved in the autotrophic denitriﬁcation using sulﬁde as electron
donor.5. Conclusions
Intrinsic kinetic parameters of sulﬁde-oxidizing autotrophic
denitriﬁcation via nitrate and nitrite were estimated for systems
containing immobilized biomass. The experimental results showed
that a half-order kinetic model could be successfully applied to de-
scribe this bioprocess, providing comparable kinetic parameter
values. Half-order kinetic coefﬁcients were affected by the form
of the electron donor used; higher parameters were obtained when
electrons were donated directly from sulﬁde oxidation. A higher
speciﬁc nitrogen utilization rate was achieved in denitriﬁcation
via nitrate than in denitriﬁcation via nitrite.
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